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ABSTRACT 

Radio recombination lines (RRLs) can be used to determine the emission measure 
unambiguously along the Galactic plane. We use the deep (2100s per beam) HI Parkes 
Zone of Avoidance survey which includes 3 RRLs (H166o;, H167a and H168a) within 
its bandwidth. The region t = 36° to 44°, b = -4° to +4° is chosen to include 
emission from the Local, Sagittarius and Scutum arms. An 8° x 8° data cube centred 
at (£, b) = (40°, 0°) is constructed of RRL spectra with velocity and spatial resolution 
of 27 kms -1 and 15.5 arcmin, respectively. Well-known Hll regions are identified as 
well as the diffuse RRL emission on the Galactic plane. A Galactic latitude section 
of the integrated RRL emission across the Galactic plane delineates the brightness 
temperature (Ti>) distribution which has a half-power width in latitude of ~ 1?5. 

A value of the electron temperature T e ~ 8000 K is derived from a comparison 
with the WMAP free-free MEM model. The Tf, distribution from the present RRL 
data is combined with the WMAP 5-yr data to derive the anomalous dust on the 
Galactic ridge. 

In this paper we demonstrate that diffuse ionized emission on the Galactic ridge 
can be recovered using RRLs from the ZOA survey. This method is therefore able 
to complement the Ha data at low Galactic latitudes, to enable an all-sky free- free 
template to be derived. 

Key words: radiation mechanisms: general - methods: data analysis - dust, extinc- 
tion - Hll regions - ISM: lines and bands - Galaxy structure - radio lines: ISM 



1 INTRODUCTION 

Galactic free-free emission is a principal foreground contam- 
inant of the Cosmic Microwave Background (CMB). It be- 
comes a major component near the Galactic plane where it 
is produced in the gas layer ionized by radiation from re- 
cently formed stars. A true all-sky free-free foreground tem- 
plate needs to include this low Galactic latitude component 
if the CMB power spectrum is to be correctly evaluated at 
low values of angular frequency, £, where there is currently 
significant interest. 

The diffuse electron gas along the Galactic plane is also 
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of intrinsic interest. It is an indicator of current star forma- 
tion throughout the Galaxy and compl ements the data avail - 
able from catalogues of Hll regions l|Paladini et alj I2003T) 
which represent localized areas of star formation. There is 
considerable interest in the relationship between this nar- 
row WIM distribution with a scale height of z ~ 150 pc and 
the thick disc component w ith z ~ 1000 pc resp onsible for 
pulsar dispersion measures (|Gaensler et aT)ll2008h . Issues of 
concern are the dumpiness (filling factor), the scale height, 
and the electron temperature as well as the transport of ion- 
izing radiation from the hot stars in the narrow distribution 
to the broad distribution. 

One of the direct ways of obtaining a free-free emis- 
sion template is to use large-area Ha surveys. These include 
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the WHAM survey (jHaffner et al.l 120031 ) which uses Fabry- 
Perot spectroscopy on an angular scale of ~ 1° covering 
the northern sky (Dec > -30°). The WHAM instrument 
is now installed at the Cerro Tololo Interamerican Obser- 
vatory (CTIO) for th e southern counterpa rt of the survey. 
The SHASSA survey (|Gaustad et al.ll200ll ) employs a filter 
system with an angular resolution of ~ 1 arcmin and cov- 
ers the southern sky; it is however limited in sensitivity due 
to geocoronal emission and is insensitive to large angular 
scales (> 10°) due to the field-of-view . The VTSS survey 
(Dcn nison. Simonetti fc Topasnal ll998) uses a similar filter 
approach on the northern sky on a 2 arcmin scale. Before the 
data from these surveys can be used to derive a free- free tem- 
plate, the absorption by interstellar dust must be taken into 
account; t his correction is significant a t interm ediate and low 
latitudes. iDickinson. Davies fc David l|2003h have used the 
ISchlegel. Finkbeiner fc Davis! (|l998 ) dust map derived from 
the IRAS and DIRBE 100 /im all-sky surveys. At |6| < 5° 
this correction breaks down and accordingly the Ha surveys 
cannot be used for this purpose along the Galactic plane. 
The construction of a free-free template at latitudes where 
absorption becomes significant can be attempted at GHz ra- 
dio frequencies by exploiting the difference of temperature 
spectral index between free-free (/3 = —2.1) and synchrotron 
(/3 ~ —2.7) where T otv 13 . If 3 frequencies are available the 
free-free temperature can be derived along with the syn- 
chrotron temperature and spectral index; this situation is 
somewhat complicated by the variation of spectral index 
with position and frequency. 

Radio recombination lines (RRLs) in contrast to 
Ha and free-free emission can be used to obtain the emission 
measure (EM = J n^dl) directly with no absorption or con- 
tamination. The lines themselves and the ionized medium in 
which they are immersed are optically thin at the frequencies 
used for this work. However, in order to convert the RRL 
line integral to a free-free emission brightness temperature a 
knowledge of the electron temperature T e is required; there 
are a number of routes to obtaining T e . 

This paper describes an exploration of the RRL ap- 
proach to obtaining a free-free template of a section of the 
Galactic plane at I = 36° - 44° , |6| < 4° in data from the HI 
Zone of Avoidance Survey using the Parkes 13-beam H-line 
receiver system. Section [5] summarizes RRL theory and ex- 
amines previous RRL surveys which were of high sensitivity 
but limited area. In Section [3] we give the survey param- 
eters and the criteria for selecting the longitude range for 
study. The data reduction and the RRL map derived in this 
study are described in Section [3] Sections \S\ and [5] convert 
the RRL line integrals into Tf, and compare them with the 
21 cm continuum derived from this survey, as well as with 
Ha and WMAP data. 



2 RADIO RECOMBINATION LINES 

The RRL emission from a diffuse ionized hydrogen gas can 
be expressed in terms of the integral over spectral line tem- 
perature as 



where v is the frequency (kHz), T e is the electron tem- 
perature (K) and the emission measure EM is in cm _6 pc. 
The corresponding continuum emission brightness tempera- 
ture is 

T c = 8.235 x 10" 2 a(r e )r e "°' 35 ^GH Z L ( 1 + 0.08)21.9969EM(2) 

where a(T e ) is a slowly var ying function of temperatur e 
and v is the frequency in GHz ijMezger fc Henderson|[l967l ) . 
The (1+0.08) term represents the additional contribution to 
Tc from helium. These equations lead to an expression for 
the ratio of the line integral to the continuum 

/ T L dV 
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T C " a(T e )n(He)/(l + n(H)) 

where V is in km s" 1 jRohlfs fc Wilsonll2004h . 
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Most RRL surveys have concentrated on individual 
Hn regions for which an adequate continuum antenna 
temperature i s achi evable. The Hn region catalogue of 
iPaladini et~aH (120031) lists ~ 800 sources with RRL data 
jPaladini. Davies fc DeZottill2004T ). 

At frequencies near 1 GHz the recombination lines are 
relatively weak; for a typical line width of 25 km s" 1 and 
T e ~ 10 4 K, Tl/Tc ~ 1 per cent and increases as u 11 . The 
thermal ridge of the Galactic plane has a brightness temper- 
ature of 5 — 10 K at 1 GHz (see Section [5]) in the area we 
have chosen to study and accordingly the peak diffuse RRL 
emission temperature will be 50 — 100 mK and correspond- 
ingly less if the emission is spread over a larger velocity range 
due to Galactic differential rotation for example. If we are 
to determine the latitude width of the free-free emission, a 
sensitivity approaching a few mK is required. This implies 
integration times of ~ 1 hour with modern receiver systems 
at v ~ 1 GHz. 

Previous surveys of the diffuse Galactic free-free emis- 
sion have of necessity been restricted to observations of grids 
of points along the Galactic plane, mainly on the Galactic 
ridge (6 = 0°). Table[T]lists the substantive previous surveys, 
all in the H166a (1424.734 MHz) or H157a (1683.2 MHz) 
lines. The beamwidth used and survey coordinates are given. 
An examination of these surveys shows line brightness tem- 
peratures of 50-100 mK in areas away from strong Hn re- 
gions. 

Multibeam, low-noise systems are required to make a 
significant improvement to the situation outlined in Table [1] 



3 THE RRL SURVEY 

A sensitive multibeam survey for RRL emission on a section 
of the Galactic plane i s a by-product of the Parke s Hi All- 
Sky Survey (HIPASS, IStavelev-Smith et all Il996l ) and as- 
sociated Jodrell Bank Observatory Hi All-Sky Survey (HI- 
JASS). The aim was to detect the Hi-emitting galaxies in 
the local Universe using a bandwidth of 64 MHz correspond- 
ing to redshifted velocities of —1, 280 and 12, 700 km s _1 . In 
this velocity range i s Galactic Hi and HV C emission at near- 
Galactic velocities ijPutman et al.ll2002h . In addition there 
are 3 Galactic RRL lines (H166a, H167a, and H168a) in 
this frequency range. 

HIPASS observations are taken by scanning the tele- 
scope in declination strips of 8° length, separated by 7 ar- 
cmin in right ascension. The footprint of the 13 beam re- 
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Table 1. RRL surveys of diffuse emission on the Galactic plane. 



Authors 


Transition 


Frequency 


Beamwidth 


Longitudes i 






(MHz) 


(arcmin) 




Gordon & Cato (19721 


H157a 


1683.2 


33 


9° -f 130° 


Hart & Pedlar (19761 


H166o 


1424.734 


31 x 33 


5° -» 70° 


Lockman (19761 


H166a 


1424.734 


21 


358° -* 50?5 



ISO 



Table 2. Observing parameters of the HIPASS ZOA survey as 
applied to Galactic RRLs. 



Frequency coverage 
RRL lines included: 

H166a 

H167a 

HI680 
Longitude coverage 
Latitude coverage 
Beamwidth (FWHP) 
Beamwidth (after gridding) 
Grid pixel size 
Channel separation a 
Velocity resolution (Tukey) 
Velocity resolution (Tukey+Hanning) 
Integration time per beam 
r.m.s. noise b,c per channel 



1362 to 1426 MHz 

1424.735 MHz 
1399.368 MHz 
1374.601 MHz 
I = 196° - 52° 
b = -4° to +4° 
14.3 arcmin 
15.5 arcmin 

4 arcmin 
13.2 km s" 1 
18.0 km s" 1 
27.0 km s" 1 

2100 s 
5.7 mjy/beam 



(a) corresponds to 64 kHz at 1420.6 MHz; 1000 channels in 
64 MHz (b) the equivalent in a beam is 4.6 mK 
(0.8 K/Jy) (c) each beam includes the sum of 2 orthogonal 
linear polarizations. 
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ceiver on the sky is 1?7 and it scans at l°/min, recording the 
signal every 5 seco nds. The integration time is 450s/beam 
|Barnes et al.ll200ll l. 

Of particular interest for the study of the necessarily 
weak RRL emission from the Galactic plane is the Zone of 
Avoidance (ZOA) Hi Survey associated with HIPASS. This 
searched for galaxies behind the Galactic plane and had a 
factor of 5 long er integration time than the HIPASS and HI- 
JASS surveys l|Donlev et al.ll2005l l. The observing parame- 
ters used for the HIPASS ZOA survey which are relevant to 
the RRL study are given in Table [2] The ZOA survey was 
scanned in Galactic coordinates, along strips of constant lat- 
itude, separated by 1.4 arcmin. The integration time of 2100 
seconds per beam leads to an r.m.s. sensitivity per beam per 
channel of 4.6 mK in brightness temperature. We adopt the 
brightness temperature conversion factor of 0.8 K/Jy, as- 
sumin g a beam size of 15.5 arcmin, as given bv lPutman et al] 
(2002). When the 3 RRLs are co-added the r.m.s. sensitivity 
is 2.6 mK which is the level required to map the Galactic 
ridge RRL emission. The challenge is to achieve this sensi- 
tivity in the presence of baseline effects and interference as 
we shall see below. 

The angular resolution of the survey (~ 15 arcmin) is 
adequate to investigate the likely structure of the diffuse 
free- free emission. The z-distribution of Hn regions insid e 
the solar circle has a ~ 40 — 50 pc (Pala dini et alj|2004). 
some what greater than that of OB stars J Bronfman et all 
120001 1 but similar to that of the CO layer; iRevnoldj (|l99ll l 
has estimated a — 70 pc for a thin disc of Hn from pulsar 
dispersion measures. A value of a = 50 pc (a FWHP of 



Figur e 1. Galacti c spiral arms outlined in HII regions 
llPaladini et al.ll2004T) with the i = 36° to 44° s ector observed 
in the RRL data cube. 550 Hn regions from the iPaladini et al.1 
d2003ll catalogue are s hown based on the spiral arm model by 
iTavlor fc Corded dl993f) . 



~ 120 pc) corresponds to ~ 1° at 3 kpc the distance of the 
Sagittarius arm or half these values in the Scutum arm at 
the longitudes to be studied here. 

The velocity resolution of the survey, even with addi- 
tional Harming smoothing, (see Section |4)| is adequate to re- 
solve the emission from the local Orion arm (V = kms -1 ), 
the Sagittarius (40 kms - ) and the Scutum (80 kms -1 ) 
arms. However for the purposes of mapping the diffuse elec- 
tron gas we are interested only in the line integral over the 
emission velocity range to 100 km s -1 and we use the 
integral over —20 to +120 kms" 1 in order to take account 
of any velocity spread within the arms. 

The ZOA survey comprises 8° x 8° x 64 MHz data cubes; 
each cube covers 8° in Galactic longitude and ±4° in Galac- 
tic latitude. For this initial analysis we have chosen the data 
cube covering the longitude range 36° to 44° which includes 
emission from the Local, Sagittarius and Scutum arms. The 
field centre is (£, b) = (40°, 0°). Fig. [T]is a map of the Hn re- 
gions distribution in the Galaxy, it shows the geometry of 
the intersection of the survey area with the 3 arms. Clearly 
the major contribution to the RRL emission will be from the 
Sagittarius arm which is sampled at distances of 3 to 7 kpc. 
The line of sight is tangent to the Scutum arm at ~ 6 kpc. 
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Figure 2. Spectrum (left) and stacked line (right) for the Hn region W45, taking a 12 X 12 arcmin 2 average spectrum. Figs, (a) and 
(b) are for the Tukey smoothed spectrum and Figs, (c) and (d) for the Tukey+Hanning. The three RRLs are added to produce the final 
line, with no baseline correction. The 5.7 MHz period sinusoidal ripple caused by the continuum sources is visible in the spectra of Figs, 
(a) and (c) (see text). 



4 ANALYSIS OF THE DATA CUBE CENTRED 

ON {I, b) = (40°, 0°) 

4.1 Data Reduction 

Data reduct i on la rgely follows the procedures given in 
iBarnes et al.l (|200ll ) using the package livedata within the 
AIPSH — h environment, which corrects spectra for bandpass 
effects and calibrates them. Standard HIPASS bandpass cor- 
rection is performed by dividing the target spectrum by a 
reference off-source spectrum which represents the under- 
lying spectral shape as well as the spectral shape of the 
receivers, ground pickup and sky radiation. The reference 
spectrum for each receiver is obtained before and after each 
target spectrum as the telescope scans the sky; the median 
value at each frequency is used to generate a robust reference 
spectrum. 

Since the diffuse Galactic RRL emission is a narrow 
band extended along the Galactic plane, the more appropri- 
ate MINMED5 analys is method is applied . This method was 
used successfully bv lPutman et all l|2002l ) for HVCs. We re- 
cover extended emission in the ZOA data by dividing the 
8° scan into 5 sections, then finding the median flux density 



in each section and subsequently using the minimum of the 
5 values as the bandpass correction. This procedure largely 
increases the sensitivity of the data to large scale structure 
without substantial loss of flux density, except when the 
emission fills the entire 8° scan, as we shall see in Section 

ECU 

The 3-D ^-6-velocity cube of bandpass corrected spec- 
tra are generated from the median spectra within 6 arcmin 
of each pixel point using the package GRIDZILLA. As a re- 
sult of applying this top-h at median gridding, the beam size 
increases to 15.5 arcmin (|Donlev et alj [20051 ). The result- 
ing 8° x 8° data cube has 4 arcmin square pixels and an 
assigned LSR velocity relative to HI for each of the 1024 
velocity channels; these are converted to LSR velocities for 
the three RRLs with the frequencies given in Table [5] 



4.2 Standing wave mitigation 

Radio recombination line studies suffer from the effects of 
standing waves produced when the continuum waves from 
the target Hn region interfere with a fraction of the radia- 
tion which reaches the focus along separate paths. Although 



Diffuse RRL emission on the Galactic plane 5 









: H168cc 











100 
Velocity (km/s) 







: H167a 









100 
Velocity (km/s) 



E 10 







: H166a 









E 10 r 







Stacked Line 









100 
Velocity (km/s) 



100 
Velocity (km/s) 



Figure 3. The baseline corrected RRLs plus the stacked line for the Hn region W45, taking a 12 X 12 arcmin 2 average spectrum. The 
spectrum has been Tukey+Hanning smoothed. 



this extra signal is of the order of a few percent of the main 
signal, it can be comparable with the intensity of the RRL 
itself, which in the case of the lines at ~1400 MHz is ~1 % as 
mentioned above. Most of the interfering signal results from 
standing waves between the focus area (focus box and sup- 
ports) and the apex of the antenna. Similar standing waves 
are produced when solar radiation scatters into the focus 
area. Even during the night, scattered radiation can come 
from Galactic structures adjacent to the Hn region under in- 
vestigation. This is the case in the present study of a bright 
section of the Galactic ridge. Similarly, radiation from the 
ground can find its way into the focus area. All these sources 
contribute to the standing waves; they will vary with time 
of day, the azimuth and elevation and the position in the ce- 
lestial sky. There is not a unique baseline correction which 
can be applied to all positions in the present data cube. We 
now describe our method of dealing with this problem. 

Fig. [2] shows the spectrum from the data cube at the 
position of W45 (£,b) = (40?5, +2?5), a slightly extended 
Hn region with a peak T a ~ 10 K. This spectrum is the re- 
sult of observational data from different focal horns taken at 
different times. The standing wave pattern is periodic with 
a frequency of 5.7 MHz and an amplitude of Tj, = 120 mK 
(T a — 80 mK). This is the frequency expected for standing 
waves between the focus and the apex of a 64-m antenna 
with f/D = 0.4. There is additional fine structure in the 
pattern due to longer interference paths. This fine structure 
does not repeat exactly over the 64 MHz bandwidth. 



In Fig. [2] the 3 RRLs can be clearly seen as narrow lines 
at their rest velocities with Tl = 30 mK and are distinguish- 
able from the standing wave pattern. In addition there is 
higher frequency Gibbs "ringing" in the spectrum near the 
edge of the band and surrounding the strong 1420.406 line 
of HI. The Tukey smoothing applied in the basic analysis 
package does not fully remove this digital sampling ringing. 
Fig. [2] shows that the residual Gibbs ringing can be effec- 
tively removed by applying an additional process of Han- 
ning smoothing; the price to be paid is a broadening of the 
spectrum from a half-width of 18 to 27 km s _1 . 

The final step is to correct each RRL for baselines and 
then to shift and add them, at each position. The baseline 
is removed by fitting a polynomial to each line, excluding 
the velocity range (0 to 100 km/s) where we expect the 
RRL gas to emit, in this longitude range (Section [3J. Fig. [3] 
illustrates the improvement in the baseline of the spectrum 
between the original 3 spectra and the added spectrum for 
W45. The different baseline variations in each of the spectra 
act effectively like noise and are reduced by nearly a factor 
of 2 in the addition. It was also necessary to check each 
spectrum for narrow features either of standing wave or RF 
interference origin before final acceptance. 

4.3 The distribution of RRL emission at i = 40° 

The final RRL data cube shows high significance detection 
of RRL emission from individual Hn regions and from diffuse 
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Figure 4. Maps of RRL emission centred at 0, 20, 40, 60, 80 and 100 km s — 1 , integrated over 20 km s — x , at a resolution of 15.5 
arcmin. Contours are given at -2, -1, 1, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 70, 80 and 90 per cent of 5.29 K. km s _1 . The two negative 
contours arc dotted. 



gas along the Galactic plane. Fig. [4] plots the RRL emission 
at 6 velocities (0, 20, 40, 60, 80, 100 km s" 1 ), integrated 
over 20 km s . Individual Hn regions can be identified 
on the different maps. Table [4] lists known Hn regions and 
supernovae in the region t = 36° to 44°. At the lowest ve- 
locities, the emission is broader, since it maps the Local and 
Sagittarius arms. At the highest velocities (> 60 km s _1 ) 



the emission is more confined to the Galactic plane and is 
stronger at low longitudes where the Scutum arm comes in. 
W49A, (£, b) = (43? 2, 0°0), is the most prominent Hn region 
of the field and is one of the strongest Hn regions of our 
Galaxy. It is stronger in the first two panels of Fig. [4] be- 
cause its LSR velocity is 7.7 km s , which places it on the 
far side of our own spiral arm, at ~ 11.9 kpc from the Sun. 
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Figure 5. Integrated RRL emission for two velocity ranges (top) and the corresponding latitude profiles (bottom). The left and right 
panels correspond to a line integral from -20 to 60 km s — 1 and from 60 to 120 km s _1 , respectively. The contours are the same as in 
Fig.H 



W45 is also detected at low velocities, Vlsr = 23 kms~ . 
At a latitude of 2?5 above the plane and a distance of ~ 1.6 
kpc from the Sun, this Hn region is in the Local arm. The 
extended feature on the plane around I — 38° is a group of 
Hn regions with LSR velocities from 50 to 90 km s~ x and is 
thus in the Scutum arm. The extension to positive latitudes 
is due to the contribution of some Hn regions with velocities 
around 40 km s _1 , and therefore belongs to the Sagittarius 
spiral arm. 

Fig. [S] shows two maps of the RRL emission integrated 
from -20 to 60 km s _1 and from 60 to 120 km s _1 , and also 
the corresponding latitude profiles, averaged over £ = 36° to 
44°. Comparing FigsO (c) and (d), we can see the broader 
distribution for low velocity emission with a FWHP of ~ 1?5, 
whereas the higher velocity emission has a FWHP of about 
half that value. 

Fig- Ogives the total RRL emission integrated from —20 
to 120 kms" 1 . This map shows a clear detection of the 
diffuse ionized gas around the Galactic plane, as well as the 
individual Hn regions. The rms is 70 mK. km s" 1 . The low- 
level striping in longitude is apparent, due to the telescope 
scanning strategy and the variation of bandpass correction 
between adjacent scans. The stripes are at a 2.5 a level, so 
they only affect the low flux density regions. Some regions 



near the Galactic plane show sidelobe artifacts due to the 
emission filling the entire scan (see Section [5]3]). The biggest 
negative (4 a) is next to one of the strongest Hn regions in 
the map, W49. 



5 ESTIMATION OF THE EXPECTED 

FREE-FREE EMISSION FROM THE RRL 
DATA 

5.1 The Brightness Temperature (Tb) 

In order to obtain a value of the Tb from the RRL line inte- 
gral it is necessary to have a reliable estimate of the electron 
temperature, T e . The temperature dependence of Tj, can be 
found combining equations (fTJ and ([2]) and is of the form 

T b = 4.289 x 10~ 6 a(T e ).Tt ls VoHz-{ 1 + °- 08 )- / T ^v (4) 

where v is in kHz. 

The Emission Measure is derived from equation {l}. If 
we adopt the frequency of the central RRL used in this 
study, namely H167a the effective frequency is 1.40 GHz 
and we have 
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Figure 6. Map of the total integrated RRL emission (in mK.kms 1 ) at a resolution of 15.5 arcmin. The integration is made between 
-20 and 120 km s" 1 . The contours are the same as in Fig. [4] where the value 5.29 K. km s — 1 is the peak of the line integral in this map. 



EM = 2.432 x 10 



-3^1.5 



T L dV 



(5) 



where V is in km s" 1 . 

We must now choose a value of T e that is appropriate 
for the diffuse Galactic plane emission in the longitude range 
of the present study. Extensive surveys of RRLs are available 
which give T e values for individual Hn regions. These show 
a fall in T e towards the Galactic centre due to the greater 
cooling of the Hn region and the stellar temperature of the 
higher metal conten t in th e inner Galaxy. The targeted sur- 
vey of IShaver et al.l (1983) for 67 Hn regions gave 



T e [K] = (3150 ± 110) + (433 ± 40) R 



(6) 



where R is the gala ctocentric distance in kpc; Ro was as- 
sumed to be 8.5 kpc. iPaladini et all (|2003h used all the pub- 
lished data for 404 Hn regions with reliable galactocentric 
distances and found 



T e [K] = (4166 ± 124) + (314 ± 20)R 



(7) 



which is in general agreement with the Shaver et al. result. 
Any differences may be due to the larger number of weaker 
Hn regions in the Paladini et al. sample. 

We can apply the above relationships to the £ — 36° — 
44° RRL data cube and derive likely values of T e . Table [3] 
summarizes the T e values from equations (|6j) and (J7J for the 
near and far galactocentric radii of the Local, Sagittarius 
and Scutum arms. These radii are derived from the spiral 



Table 3. Electron temperatures from equations (O and @ for 
the mean of the near and far galactocentric radii of the line of 
sight intersection with the Local, Sagittarius and Scutum arms. 



Arm 


^ncar 


Rt&r 


Smcan 


T e (K) 


Te (K) 




(kpc) 


(kpc) 


(kpc) 


(Shaver) 


(Paladini) 


Local 


8.5 


7.5 


8.0 


6610 


6680 


Sagittarius 


6.5 


6.0 


6.25 


5860 


6130 


Scutum 


5.0 


5.0 


5.0 


5310 


5740 



pattern for Hn regions given in IPaladini et ail (|2004h . T e 
ranges from 6700 K for the Local arm to 5500 K for the 
Scutum arm. 

We should discuss whether the electron temperature for 
individual Hn regions to which the equations (6) and (7) 
refer also applies to the diffuse Hn gas. Since the latitude 
distribution of the Hn regions and the diffuse Hn are similar 
as shown in Section [6] the metal abundance responsible for 
cooling is expected to be the same. The main difference will 
be the effective temperature of the radiation field which will 
be lower, arguing for a lower T e . Direct measurements of 
emission lines of i ntermediate latit ude ionized gas give values 
of Te ~ 8000 K (jRevnolddll985h significantly higher than 
suggested by Table [3] We will adopt a value of T e = 7000 K 
for the present discussion and note that 1.0 K. km s _1 is 
equivalent to 2.8 K of brightness temperature at 1.4 GHz, 
with T b proportional to T e 115 , while EM <x Te 15 . 
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Figure 7. Map of brightness temperature at 1.4 GHz estimated from the RRL line integral over the data cube. Contours are given at 
0.1 and 0.5 (labeled), 1, 1.5, 2, 2.5, 3 K and then every 1 K until 19 K. The resolution of the map is 15.5 arcmin. Note that 2.8 K (T b ) 
corresponds to 1.0 K. km s" 1 , for T e = 7000 K. 




Galactic longitude (°) 



Figure 8. Map of 1.4 GHz continuum emission for the region I = 36° —44°, |b| < 4°, from the combination of ZOA and HIPASS surveys. 
The contours are given at every 1 K from 3 to 20 K, every 2 K from 20 to 30 K and at 35, 40, 45, 50 and 55 K. The first four contours 
are labelled on the map. Some of the sources in Table|4]are labelled. The resolution is 15.5 arcmin. 
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5.2 The distribution of T b in the £ = 40° data cube 

5.2.1 Comparison with the 1.4 GHz continuum 

Using the adopted value of T e (7000 K) we can evaluate the 
Tb from the RRL line integral at each pixel in the data cube. 
Fig. [7] shows a contour plot of Tb over the area of the data 
cube (£ = 36° to 44°, b = -4° to 4°). In addition to the 
compact sources, the diffuse emission can be seen peaking 
at b ~ 0°. Fig. [S] plots the total continuum emission for this 
region, from this survey, as discussed in section 16.41 The 
similarities between the two maps show that the RRLs suc- 
cessfully recover both individual Hn regions and the diffuse 
emission. 

The extended object at £ ~ 40°, b = -2°, W50, ap- 
pears to have no RRL emission associated with it, so no ev- 
idence for ionized gas. This SNR is thought to be powered 
by the X-ray binary system SS433, which generates two rel- 
ativistic jets in opposite directions, creating the lobes that 
elongate the feature. W50 lies at a distance of 6 kpc from 
the Sun and thus has no association with the Hn region 
S74, which is seen in the RRL ma p at (£,b) = (40?0, -L°3) 
|Lockman. Blundell fc Gossl 120071 ). S74 is comprised of a 
compact source embedded in an extended region, also de- 
nominated RCW182. We measure a velocity of Vlsr = 
44.7 km s _1 for S74, which places it at a distance of ~ 3.0 
kpc from the Sun, in the Sagittarius arm. 

The region labelled G40.0-3.2 in Ta ble 4 ha s some times 
been proposed as a possible Hn region. iGreenl (|2009h sug- 
gests that this feature lying to the SE of W50 is an SNR. 
The present RRL data shows no significant excess emission, 
although it lies on a weak diffuse free-free background. A 
2cr upper limit to the RRL emissi on leads to Tb < 0.3 K 
compa red with a total of 3 K. The lDownes. Pauls fc Salted 
(1986) conclusion based on the detection of 10 - 20 % 
linear polarization and flux density spectral index of -0.6 
{S(v) oc v~ a ) is unaltered by this small free-free contribu- 
tion. The 1.4 GHz co ntinuum from this survey taken with 
the 2.7 GHz data of iReich et "all l|l984h give a brightness 
temperature spectral index of —3.0 ± 0.2 including a fitting 
error and assuming a 10 per cent calibration error at each 
frequency, thereby confirming the SNR identification. 



6 E ' ' 1 <~ 
I 36°< I <44° 
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Figure 9. Brightness temperature estimated from the ZOA RRLs 
versus latitude, averaged over three longitude ranges. 



5.2.2 Tb latitude distribution 

In order to make the diffuse emission clearer, latitude cuts 
integrating over a longitude range are given in Fig. [9] Fig. 
[21 a) is an integral over the full longitude range I — 36° to 
44° using 0?2 latitude bands. Fig.[9jb) shows stronger Tb in 
the Grange 36° to 39° than for L = 39° to 44° (Fig. Etc)). 
It should be noted that the stronger emission at I — 36° to 
39° includes the tangent to the Scutum arm which does not 
extend to £ = 39° to 44°. The longitude variation of T b is 
shown in Fig.[TD]where (a) shows the Galactic ridge emission 
integrated from b = — 0°25 to 0?25 while (b) is the integral 
from b = — 0?5 to 0?5; in both plots the longitude step is 4 
arcmin. We see the fall of Tb with longitude as the line of 
sight passes out of the Scutum arm, leaving only emission 
from the Sagittarius and Local arms. 



5.3 Signal loss in the ZOA 

The strongest emission seen in the ^-range 36° to 39° com- 
pared to £ = 39° to 44° is intrinsically due to the presence of 
the Scutum arm. Nonetheless, the emission in 39° < £ < 44° 
appears to be low, with the peak of the latitude distribution 
less than half of that in the range 36° < £ < 39°. There is 
also less extended emission around the plane, so the latitude 
distribution appears narrow and is mainly accounted for by 
the few Hn regions in that longitude range. 

This suggests that we might be losing some extended 
diffuse emission in the process, probably due to the bandpass 
removal associated with the scanning strategy. As described 
in section l4~T1 the adopted bandpass removal technique, min- 
med5, is appropriate for recovering extended emission, but 
only when it does not fill the entire scan. This is likely to be 
the cause of some flux density loss seen on the Galactic plane 
in the ZOA and the presence of negative sidelobes. We dis- 
cuss this further in Section ^, 21 Also, taking the minimum of 
a series of medians as the bandpass correction for an entire 
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Tabl e 4. Hll regions and Supernova Remnants in the region £ = 36° to 44°, from the lAltenhoff et al.l (l97Ch . iGreenl [|2009h and 
iPaladini et al.l ||2003|) catalogs. The table arrangement is as follows: columns 1 and 2 - source coordinate in Galactic longitude and 
latitude; column 3 - source angular diameter (in declination and right ascension), where the letter p stands for point source; column 
4 - source integrated flux density at 1.4 GHz (sources with integrated flux density greater than 1 Jy only); column 5 - measured LSR 
velocity from a gaussian fit to the RRL (when two values are presented it means that two veloc ity components are detected in the RRL 
spectrum); column 6 - publish ed LSR velocity (whe re available, from the IPaladini et all l|2003h synthetic catalog); column 7 - distance 
from the Sun (calcu l ated a s in IPaladini et all |2004) for the Hll regions for which the distance ambiguity is resolved by auxiliary data) 
and from the Green (2009) catalog for the SNRs, where available); column 8 - source identification. 



i b Diameter Integrated flux Measured LSR Published LSR Distance Notes 

(°) (°) (arcmin) density (Jy) velocity (km/s) velocity (km/s) (kpc) 



36.3 


-1.7 


15 


16 


11 


63.7 


63.5 


4.1 


Hn RCW179 


36.3 


+0.7 


8 


8 


3 


71.3 


76.5 




Hn 


36.6 


-0.7 


12 


17 


5 


_ 


_ 




SNR 


37.0 


-0.2 


p 


14 


4 


36.6, 82.6 






Hn 


37.5 


-0.1 


6 


10 


12 


52.9 


49.0 


10.3 


Hn W47 


37.5 


+0.9 


10 


22 


4 


44.2 






Hn 


37.7 


+0.1 


6 


7 


6 


44.1, 87.7 


88.9 




Hn W47 


37.8 


-0.3 


5 


17 


18 


60.8 






Hn W47 


38.1 


-0.1 


17 


14 


3 


58.6 






Hn 


38.4 


+1.3 


10 


10 


2 


42.1 






Hn 


39.2 


-0.3 


8 


6 


15 






> 7.7 


SNR 


39.3 


+0.0 


2 


2 


3 


16.8 






Hn 


39.5 


+0.5 


11 


14 


4 


45.4 






Hn 


39.7 


-2.0 


120 


60 


67 






6.0 


SNR W50 


40.0 


-3.2 


23 


23 


10 








Hn (?) 


40.0 


-1.3 


21 


17 


9 


44.7 


44.3 


3.0 


Hn S74, RCW182 


40.5 


-0.5 


22 


22 


9 








SNR 


40.5 


+2.5 


9 


10 


10 


23.4 


23.0 


1.6 


Hn W45 


40.6 


-0.5 


10 


15 


8 


86.0 






Hn 


41.1 


-0.2 


3.7 


3.7 


5.3 


56.4 


59.4 


8.8 


Hn 


41.1 


-0.3 


4.5 


2.5 


19 






> 7.5 


SNR 


41.4 


+0.4 


17 


12 


9 


28.4, 81.7 






Hn 


42.0 


-0.1 


25 


18 


11 


32.4 






Hn 


42.1 


-0.6 


6 


5 


6 


67.5 


66.0 


4.7 


Hn 


42.2 


+0.0 


P 


P 


2 


49.8 






Hn 


42.5 


-0.2 


19 


12 


7 


22.8, 68.7 






Hn 


42.8 


+0.6 


21 


21 


2.5 








SNR 


43.2 


-0.5 


P 


P 


2 


56.3 


58.0 




Hn 


43.2 


+0.0 


2 


2 


47 


6.5 


7.7 


11.9 


Hn W49A 


43.3 


-0.2 


4 


3 


32 






10 


SNR W49B 


43.9 


+1.6 


60 


60 


8 








SNR 



scan can introduce small variations between adjacent scans 
(striping) . 



6 THE LATITUDE DISTRIBUTION OF T B - 
COMPARISON WITH OTHER DATA 

In the previous sections we have derived the distribution of 
RRL line integral on and near the Galactic plane at £ = 36° 
to 44°. This gives an unambiguous measure of Tt when 
scaled for electron temperature. Since this RRL emission is 
weak we will average it in longitude to provide a more sensi- 
tive determination of the latitude distribution up to |fe| = 4°. 
In this section other data are used to compare and extend 
our analysis of the free-free emission, namely Ha, WMAP 
Maximum Entropy Model and the 21 cm continuum. 

6.1 The Ha latitude distribution 

We follow the approach of [Dickinson et al. to de- 

rive the Ha latitude distribution. WHAM, the sensitive 



Ha survey of the northern sky provides a map with accu- 
rately determined b aselines at a resolution of ~ 60 arcmin 
llHaffner et al. 2003). This ma p is then correc t ed for absorp- 
tion by Galactic dust using the lSchlegel et al] (|l998l ) 100 /im 
map corrected to a fixed dust temperature of 18.2 K. The 
total absorption (for an extragalactic object) at the wave- 
length of Ha is estimated as (0. 0462+0. 0035)_D T magnitudes 
where D T is the 100 fim temperature-corrected intensity in 
MJy sr _1 . Dickinson et al. find that the effective absorption 
is ~ 0.3 of this value. This 0.3 factor, fd, represents the rel- 
ative distribution of the gas (Ha) and dust in the line of 
sight at intermediate and high Galactic latitudes. When the 
effective absorption reaches 1 magnitude, the correction be- 
comes uncertain and the estimate of the true Ha intensity 
is unreliable. 

The corrected Ha intensity 7h q is converted to TS, using 
the formula given by Dickinson et al., namely 

T b = 8.396 x 10 3 / HQ a^^T 4 a667 10°- 029/T4 (1 + 0.08) (8) 

where T4 is the electron temperature in units of 10 4 K 
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Figure 10. Brightness temperature estimated from the ZOA 
RRLs versus longitude, averaged over two latitude ranges. 
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and Jhq in units of erg cm 2 s 1 sr 1 (or Rayleigh, R, 1 R 
= 2.41 x 10 7 erg cm -2 s" 1 sr" 1 ). At 1.4 GHz and T e = 7000 
K, the values used here, the free-free brightness temperature 
per unit Rayleigh is 3.78 mK. 

Fig. 1111 shows the latitude distribution of Tb, between 
b — —30° to 30° averaged over the longitude ranges £ = 36° 
to 44°, 36° to 39° and 39° to 44°, for the uncorrected 
Ha (dotted line), the corrected Ha (dashed line) and the 
RRLs free-free estimation (solid line). The angular resolu- 
tion of Fig. [11] is 60 arcmin. We use the free-free estimates 
derived from the RRLs, smoothed to 1°, and the Ha data, 
to derive the f d value that best fits the two distributions 
between latitudes of |6| = 3° to 4°. The best fit fd values for 
the negative and positive sides of the latitude distribution 
are 0.731^ and OA7±o H, respectively. The Ha data in 
Fig. [11] are corrected for dust absorption using the derived 
fd values. The effective absorption is about 1 magnitude at 
|fe| ~ 5° and increases to 2 magnitudes at \b\ ~ 4°. At this 
latitude, the brightness temperature from the Ha and RRLs 
is ~ 200 mK. 

A uniform mixing of gas and dust corresponds to an 
fd value of 0.5. Our derived values at |6| = 3° to 4° are 
similar to uniform mixing. However, at lower latitudes the 
values determined from the Ha data are far higher than the 
observed free-free emission from RRLs (and WMAP MEM 
free-free). This would appear to indicate that the FDS dust 
model for D T overestimates the absorption produced by the 
warm (40 K) dust on the Galactic ridge. This is not unex- 
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Figure 11. The Ho latitude distribution, uncorrected (dotted 
line) and corrected for dust absorption (dashed line) as well as the 
free- free estimates derived from the RRLs (solid line), averaged 
for three longitude ranges. The WHAM intensity is corrected for 
dust absorption and converted to brightness temperature for T e = 
7000 K, v = 1.4 GHz and f d values of 0.73 and 0.47 for the 
negative and positive sides of the distribution, respectively. Note 
the logarithmic vertical scale. 



pected since the dust properties such as temperature, com- 
position, ISM radiation field, along this deep line of sight 
through the Galaxy are different from those at intermediate 
latitudes covered by the FDS model. 

6.2 WMAP Free-free MEM Model 

The WMAP team has estimated the contribution of syn- 
chrotron, thermal dust and free-free emission, at each band 
and at 1° resolution, usi ng a Maximum Entropy Method 
(MEM) (|Gold et al.ll2009l ). The MEM is an iterative proce- 
dure that fits for the emission of each component and also 
the synchrotron spectral index, assuming that the dust and 
free-free temperature follows a power law with (3 = +2 and 
(3 = -2.14, respectively. Where the WMAP's S/N is low, 
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Galactic latitude (°) 

Figure 12. Free-free emission estimated from the RRLs and from 
the WMAP 23 GHz Maximum Entropy Model versus latitude, 
averaged over 36° to 39° longitude. The full line represents the 
WMAP MEM and the dotted line is the free-free emission from 
the ZOA smoothed to 1° resolution and an assumed T e = 7000 K. 



templates made from external data are used a s priors. These 
temp lates are: the Haslam 408 MHz map ijrlaslam et al.l 
1982) for the sync hrotron, the extinction-corrected Ha map 
dFinkbeinerl I2003TI for the free-free and the Model 8 of 
iFinkbeiner. Davis fc Schleeell l|l999h map for the thermal 
dust. 

Fig. 1121 shows, for the longitude range 36° to 39°, the 
brightness temperature estimation from the ZOA RRLs 
(dotted line) with an assumed spectral index /3 = —2.13 
and WMAP's MEM (full line), at 23 GHz. The brighter 
longitude range 36° to 39° is chosen because of the lower 
signal loss in this range (see Section I5.3[l . We can see that 
the peak, at 6 = 0°, of the MEM distribution is about 30 
per cent higher than that of the ZOA. It is essential to point 
out that the T(, estimation from the RRLs depends on T e 
and that the electron temperature may vary across the 8° 
region. As mentioned in Section \5. II it is likely to be higher 
for the diffuse emission than for individual Hn regions. If we 
increase the electron temperature to 8000 K, the ZOA distri- 
bution will then increase by a factor of 1.16, which makes the 
integral of the two distributions agree within 10%. Another 
difference between the two distributions is the fact that the 
ZOA is not as symmetric around the plane as the MEM is. 
This is due, as seen before, to the feature at £ ~ 38° that ex- 
tendeds from the plane up to 6 ~ 2°. As a result, the FWHM 
of the ZOA latitude distribution for this longitude range is 
~ 2°, whereas the MEM has a FWHM of ~ 1?7. With the 
lack of information about free-free emission on the plane, 
it is not surprising if the Maximum Entropy Method can- 
not separate synchrotron and free- free accurately. Moreover, 
no error estimates are available for the MEM maps. Never- 
theless, there is relatively good agreement between the two 
maps. 



6.3 The contribution of individual Hn regions 

Our analysis so far has included the individual Hn regions 
that occur within the survey area. The extensive catalogue 
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Figure 13. The contribution from discrete Hn regions to the 
diffuse ISM free-free emission at 1.4 GHz. Brightness tempera- 
tu res are calculat e d for 84 Hn regions from the 2.7 GHz catalog 
of iPaladini et al. I <2003ft and plotted against Galactic latitude, 
using 0?2 latitude bands. 



of IPaladini et al.l (2003) can be used to derive the latitude 
distribution of free-free emission in the RRL data cube. Flux 
densities at 2.7 GHz are given for 84 Hn regions in the cata- 
log for the longitude range 36° to 44° . These can be used to 
generate an average 2.7 GHz brightness temperature profile 
in latitude using the expression 



S = 



2kT h dQ 
A 2 



(9) 



This is converted into a Tj, latitude profile at 1.4 GHz, ex- 
trapolated using a spectral index (3 = —2.10, for 3 longitude 
ranges {I = 36° to 39°, 39° to 44°, 36° to 44°) in Fig. [13] It 
is seen that the Hn region contribution amounts to 20 — 30 
percent of the total free-free (T b ) emission in this longitude 
range. 
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Figure 14. Comparison between the continuum and the free-free 
estimation from the ZOA RRLs, versus latitude, for the longitude 
range i = 36° to 39° , using 0?2 latitude bands. The full line 
represents the continuum, the dotted is the RRL free-free estimate 
and the dashed is the difference between the two, representing the 
synchrotron emission. 

6.4 Radio continuum at 1.4 GHz 

The 1.4 GHz continuum map for the area £ = 36° to 44°, 
b — —4° to 4°, shown in Fig. [8j is produced by combining 
the ZOA and HIPASS data for this region. 

We are now in a position to separate the 1.4 GHz free- 
free and synchrotron emission components in the present 
survey area. The synchrotron emission is the total intensity 
minus the 1.4 GHz free- free estimated from the RRL data. 
Fig. 1141 shows the latitude distribution of 0?2 bins for the 
£ range 36° to 39°. We find that the derived synchrotron 
emission is the major contributor at 1.4 GHz, accounting 
for ~ 70% of the total emission, on the plane. At higher lat- 
itudes, where the free-free emission has fallen, it is dominant. 
Its latitude distribution appears to have two components - 
one with a FWHP of ~ 10° and a narrow component con- 
fined to the plane with a FWHP ~ 2° when corrected for 
the contribution of SNRs in this longitude range. 

Fig. 1151 shows a map of the derived 1.4 GHz synchrotron 
emission at a resolution of 15.5 arcmin. The narrow diffuse 
emission confined to the plane is e vident. In ad dition, a num- 
ber of known SNRs fTablel4land lGreen|[2009l) can be iden- 
tified. Additional possible SNRs identified bv lKaplan et al.l 
(|2002h ((£,&) = (41?5,+0?4), (42?0,-0?l) and (43?5,+0?6)) 
can be seen; these and other candidates will be discussed in 
a future paper. 

6.5 WMAP: 23 to 94 GHz - Identification of the 
4 foreground components 

Our determination of the free-free emission from the RRL 
data makes a significant contribution to the derivation of 
the Galactic foregrounds on the Galactic plane a t higher 
frequencies. The WMAP 5-yr (|fflnshaw et al.ll2009T ) data at 
23, 33, 41, 61 and 94 GHz have the resolutions of ~ 49, 
37, 29, 20 and 13 arcmin respectively, which are adequate 
to investigate the Galactic latitude distribution which has a 
width of ~ 2° in the longitude range of the present study. 



We use the l°resolution WMAP data for each of the five 
frequency bandfl 

Th e synchrotron comp onent is given by the 408 MHz 
survey l|Haslam et aJj[l982h . made with a resolution of 51 ar- 
cmin; its brightne ss temperature spectral index is assume d 
to be (3 = -3.0 (|Bandav et all 120031 ; Il5"avies et all I2006T I. 
The free-free emission is that derived from our RRL study 
with a resolution of 15.5 arcmin. Its spectral index is as- 
sumed to be /3 = —2.1 3 over the frequency range of WMAP 
l|Dickinson et alj|2003h . Both the synchrotron and the free- 
free templates are smoothed to 1° for this comparison. 

Figs. rioT a') to (e) show the latitude cuts at each WMAP 
frequency for the longitude range 36° to 39°. The full line 
gives the total WMAP brightness temperature, while the 
dotted line gives the total minus the free- free and the dashed 
line gives the synchrotron emission, at each frequency. It is 
seen immediately that the synchrotron is a minor contrib- 
utor at WMAP frequencies - amounting to only 5 per cent 
at 23 GHz and correspondingly less at higher frequencies 
falling to only 1 per cent at 94 GHz. The dotted line minus 
the synchrotron (dashed line), represents the excess "anoma- 
lous" emission. 

The origin of the anomalous emis- 
sion is not entirely cl ear. A strong candi- 
date is spinning dust (|Draine fc Lazarianl Il998l ; 
lAli-Hafmoud. Hirata fc Dickinson] l2009h which is ex- 
pected to peak in the frequency range 20-40 GHz and to 
be correlated with FIR dust emission. At 23, 33 and 41 
GHz this anomalous emission is 65, 59 and 57 per cent, 
respectively, of the total emission. Expressed more phys- 
ically, the anomalous emission at these three frequencies 
is 2.2, 1.6 and 1.2 of the free-free emission. Assumptions 
on the free-free spectral index, electron temperature and 
calibration errors do not affect the results on the anomalous 
emission detection by more than 20 per cent. 

At 61 and 94 GHz the thermal (vibrational) dust emis- 
sion is a significant contributor. On the plane this dust is 
warmer (Td — 40 K) than at intermediate latitudes (20 K) 
having been heated by the radiation field responsible for ion- 
izing the ISM to produce the free- free. At 94 GHz the excess 
emission is 4.2 times the free-free. If a thermal dust emissiv- 
ity spectral index of f3 = +2.0 is assumed, it will contribute 
45 per cent of the observed excess at 61 GHz. On the other 
hand, if /3 = +1.5, it contributes 65 per cent and will have 
a significant contribution at 41 GHz. 

A critical test for the spinning dust model is that the 
width of the observed anomalous radio emission should be 
simila r to that of the (warm) dust. The 1 00 fxm IRIS/IRAS 
data ( Mi ville-Deschenes fc La gachc 2005), again smoothed 
to 1°, are compared with the WMAP data in Figs. I17f a). 
(b) and (c) at 23, 33 and 94 GHz, for the longitude range 
36° to 39°. The latitude distributions of the radio (full line) 
and dust emissions (dotted line) are clearly similar both 
at 23 and 33 GHz (spinning dust) and at 94 GHz (ther- 
mal dust). The half power widths are L°78, 1?83, 1?77 and 
2? 01 for 100/xm, 23 GHz, 33 GHz and 94 GHz respectively. 
The ratio of 33 GHz to 100 fim brightness is 9.5 /iK(MJy 
sr -1 ) -1 , a value similar to that found at intermediate lati- 



1 Downloaded from the website http://lambda.gsfc.nasa.gov 
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Figure 15. Map of the 1.4 GHz synchrotron emission in the survey region; it is the continuum emission minus the RRL free-free estimate. 
Contours are as in Fig. [8] the first four contours are labelled. The resolution is 15.5 arcmin. 



tudes (jDavies et alj |2006l. These WMAP data are in agree- 
ment with a spinning dust model. 



7 DISCUSSION AND CONCLUSIONS 

The Parkes HIPASS and Zone of Avoidance survey of HI 
contains 3 RRLs which can be summed to provide a map 
of the RRL emission over the ZOA region at an angular 
resolution of 15.5 arcmin. The 8° x 8° data cube centred on 
(£, b) = (40°, 0°) has been used to illustrate the viability of 
such an investigation. This work has demonstrated that the 
1.4 GHz ZOA survey is of sufficient sensitivity to be able to 
provide a map of free-free emission on the Galactic plane in 
the inner (i < 50° ) Galaxy. The velocity resolution is shown 
to be sufficient to be able to identify the emission from the 
Local, Sagittarius and Scutum spiral arms. 

In order to convert this RRL line integral to an emis- 
sion measure for comparison with other data, it is necessary 
to have a value of the electron temperature, T e . This can be 
obtained from a comparison with free-free brightness tem- 
perature scaled to 1.4 GHz derived from the WMAP MEM 
free-free model for the same region of the Galactic plane. 
The best fit model gives T e = 8000 K for the total free-free 
emission. However the T e for individual Hn regions varies 
with Galactocentric radius such that the mean T e for the 
Local, Sagittarius and Scutum spiral arms is 6600 K, 6000 
K and 5500 K, respectively. Since these Hn regions represent 
20 - 30 percent of the total free-free emission, the remaining 
diffuse emission on the plane must have T e somewhat greater 



than 8000 K. Such higher values for the diffuse em ission have 
been discussed in the literature (|Revnoldslll985l ). 

Our clear determination of the free-free emission in the 
(£, b) — (40°, 0°) data cube, allows us to investigate the 
anomalous emission in this section of the Galactic plane by 
using the WMAP data along with the 408 MHz synchrotron 
template. We have shown that excess (above the free-free 
and synchrotron) emission has the same latitude distribu- 
tion as the 100/mi FIR IRAS emission. This is expected for 
a dust-correlated component of emission. The lower WMAP 
frequencies (23 and 33 GHz) fit a spinning dust model for 
very small dust grains. The highest frequency (91 GHz) 
emission is the long wavelength tail of the thermal emission 
from large dust grains. The 61 GHz emission is composed of 
roughly equal amounts from both mechanisms. 

The present study will now be extended to cover more of 
the deep ZOA |6| < 4° region. It will be supplemented by the 
wider HIPASS survey which, although it has a quarter of the 
integration time of the ZOA, it nevertheless covers the whole 
southern sky and therefore can give an independent estimate 
of zero levels. In combination with the Ha all-sky data which 
give a measure of the free-free emission when corrected for 
absorption, the RRL data cover the remaining low latitude 
regions, where the correction is uncertain, thereby providing 
a complete all-sky free-free emission template. 
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Figure 16. Comparison between WMAP, synchrotron and 
WMAP RRL-corrected versus latitude, at each frequency (23 
GHz (a) to 94 GHz (e)), averaged over the longitude range l- 
range 36° to 39°, at 1° resolution. The full line represents the 
WMAP temperature (I) 5-year data; the dotted line is the result 
of WMAP minus the the free- free; the dashed line is the 408 MHz 
data scaled with a spectral index (i = —3.0. 
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Figure 17. The anomalous emission (i.e., total minus free-free 
minus synchrotron) latitude distribution for the longitude range 
36° to 39° at 23 GHz (a), 33 GHz (b) and 94 (c) GHz (full line), 
compared with the 100 fim surface brightness distribution (dotted 
line). 
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